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The late expression factor-5 gene (lef-5) of Autographa californica multinucleocapsid polyhedrovirus (AcMNPV) is required
for late gene expression. In this paper, we demonstrate that LEF-5 interacts with itself in the yeast two-hybrid system and
in glutathione–S-transferase affinity assays. Deletion analysis suggested that the C-terminal 71 amino acids (aa) were not
required for interaction. However, all deletions tested involving the N-terminal 194 aa significantly reduced LEF-5:LEF-5
interaction. LEF-5 or LEF-5 deletion mutants were transfected into Sf-9 cells with the full complement of genes required for
baculovirus late transcription. All deletion clones tested reduced expression of a b-glucuronidase (GUS) reporter gene under
control of the late vp39 capsid promoter. Amino-acid sequence analysis of LEF-5 identified a previously unreported domain
within the C-terminal 32 aa that is homologous to the zinc ribbon domain of RNA polymerase II elongation factor IIS (TFIIS)
from a variety of taxa. Molecular modeling of the putative LEF-5 Zn ribbon using the NMR data available for the Zn ribbon
of TFIIS suggested that this domain could fold into a Zn ribbon structure similar to TFIIS. Alanine scanning mutagenesis of
amino acids predicted to be important for functioning of the LEF-5 ribbon structure significantly reduced LEF-5 activity in
transient expression assays. Mutations changing the amino acids predicted to coordinate Zn21 caused a reduction in activity
similar to that when the domain was eliminated completely. © 1998 Academic Press
INTRODUCTION
The Baculoviridae are large and complex DNA viruses
that exclusively infect arthropods. The infection cycle of
the type baculovirus species Autographa californica
multinucleocapsid polyhedrovirus (AcMNPV) is orches-
trated by a complex transcriptional cascade. Early genes
are expressed prior to DNA replication and are tran-
scribed by host cell RNA polymerase II (RNAPII) (Hoopes
and Rohrmann, 1991; Glocker et al., 1992; Friesen, 1997).
By contrast, baculovirus late and very-late genes are
transcribed following the onset of DNA replication by a
novel a-amanitin and tagetitoxin-resistant polymerase
activity that is likely virally encoded (Yang et al., 1991;
Glocker et al., 1992, 1993; Beniya et al., 1996), (see Lu
and Miller, 1997 for review). In AcMNPV, the late genes
are normally expressed from 8 to 24 h following infection,
whereas transcription of the two very-late genes, p10
and polyhedrin, does not commence until 12–15 h postin-
fection (Roelvink et al., 1992). Very-late genes are further
differentiated from late genes by their higher levels of
expression and continued transcription past the time that
late gene transcription ceases (Roelvink et al., 1992).
While the promoters of early genes typically consist of a
TATA-like element and a conserved CAGT-like RNA start
site sequence typical of transcription from RNAPII (Blis-
sard and Rohrmann, 1990; Friesen, 1997), all late and
very-late genes initiate within a DTAAG sequence, which
serves both as transcriptional start site and minimal
promoter sequence (Rohrmann, 1986; Rankin et al., 1988;
Ooi et al., 1989; Lu and Miller, 1997). The composition of
the late transcriptional complex is unknown. Transient
expression assays using the CAT reporter gene fused to
early, late, or very-late promoters have identified a min-
imum set of 18 genes required for late gene transcription
(reviewed by Lu and Miller, 1997). Of these 18, half were
found to be involved in DNA replication, suggesting that
the remaining 9 genes may be specific to late transcrip-
tion (Kool et al., 1994; Lu and Miller, 1995). Chromato-
graphic approaches for isolating a competent late tran-
scriptional complex have had mixed results. While active
fractions containing a limited number of polypeptides
seen on polyacrylamide gels (several of which corre-
spond to the predicted sizes of the products of genes
identified by transient expression assay) have been ob-
tained, limited yields have precluded further character-
ization (Yang et al., 1991; Beniya et al., 1996).
Thus although late transcription involves many pro-
teins, the components of the late transcription complex
are not known. To decipher the interrelationships be-
tween the different lef gene products, we used the yeast
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two-hybrid system to screen for interacting pairs of lef
genes. In this report we describe experiments indicating
that LEF-5 interacts with itself. In addition, we have
extensively mutagenized LEF-5 and described the effects
of these mutations in interaction and transient expres-
sion assays. Amino-acid sequence analysis suggested
the presence of a Zn ribbon-like domain with homology
to RNAPII elongation factor TFIIS from several taxa. Mo-
lecular modeling using NMR data for the TFIIS Zn ribbon
(Qian et al., 1993) indicates that the LEF-5 domain could
indeed form such a structure. The effects of alanine
substitutions of amino acids in the putative Zn ribbon
domain were investigated.
RESULTS
LEF-5 interacts with itself
The yeast two-hybrid system was initially used to char-
acterize LEF-5:LEF-5 interactions. The lef-5 gene was
cloned in-frame using an N-terminal NcoI site introduced
by site-directed mutagenesis and the NcoI sites in both
pASI and pACTII (Durfee et al., 1993; Fig. 4A), yielding
p5ASI and p5ACTII, respectively. Both plasmids were
transfected into yeast strain Y166 generating the double
transformant, Y5ACTII/5ASI. As negative controls, yeast
strains containing p5ASI or p5ACTII (single transfor-
mants) were transfected with pACTII or pASI (vectors
lacking lef-5) generating Y5ASI/ACTII and YASI/5ACTII.
All three double transformants were screened for b-ga-
lactosidase activity and the ability to grow on media
lacking uracil, which are both indicators of positive in-
teraction. Only the double transformant Y5ACTII/5ASI
grew on Ura2 plates and yielded blue colonies in the
plate assay, whereas neither of the negative controls
yielded blue colonies or grew on Ura2 media (Table 1).
Yeast cell extracts were prepared from each strain and
assayed for b-galactosidase activity using the substrate
ONPG. Double transformant Y5ACTII/5ASI produced 56
nmol o-nitrophenol/min/mg protein compared to back-
ground levels for both Y5ASI/ACTII and YASI/5ACTII (Ta-
ble 1). This suggests that LEF-5 interacts with itself.
To confirm this result, GST affinity assays were
performed. Full-length LEF-5 was expressed as a GST
fusion protein and immobilized on glutathione-coated
Sepharose 4B (GT–Sepharose). Full-length LEF-5 was
then translated in vitro and labeled with 35S-Cys and
incubated with GT–Sepharose saturated with LEF-5:
GST fusion protein. As a negative control, an equal
amount of labeled LEF-5 was incubated with immobi-
lized GST protein (not fused to LEF-5) in the same
manner. After washing, the GT–Sepharose aliquots
were extracted in SDS–PAGE sample buffer, and the
extracts were electrophoresed on a 16% SDS poly-
acrylamide gel. The relative amount of in vitro trans-
lated LEF-5 retained by LEF-5:GST saturated GT
sepharose was quantified by phosphoimager analysis
and compared to the amount added originally. Unde-
tectable levels of labeled LEF-5 were retained by the
immobilized GST protein (Fig. 2, lane 1). By compari-
son, 9.1 6 3.3% of the in vitro translated LEF-5 protein
was retained by the immobilized GST:LEF-5 fusion
protein (defined as 100%, Fig. 2, lane 2). Thus the
retention of in vitro translated LEF-5 was the result of
a specific interaction with the LEF-5 portion of the
fusion protein and not the result of nonspecific inter-
actions with the GST portion of the fusion protein. This
offered independent confirmation that LEF-5 interacts
with itself.
To map the portion of the LEF-5 molecule responsible
for the interaction, a series of N-terminal, C-terminal, and
overlapping internal 40-aa deletion mutants was con-
structed (Fig. 1) Each mutant was translated in vitro,
quantified by phosphoimager analysis, and added in
approximately equal molar amounts (relative to full-
length LEF-5) to LEF-5:GST saturated GT–Sepharose and
processed as described above. We first tested a series
of N-terminal deletions and compared their retention to
that of in vitro translated full-length LEF-5 (Fig. 2, lanes
2–5). Retention of deletion mutant D2–26 was 9.3% of that
observed for the full-length protein (lane 3). Additional
deletions of 21 aa (D2–47) and 62 aa (D2–89) caused
retention to drop to ,4% that of full-length LEF-5 (Fig. 2,
lanes 4 and 5). Thus the N terminus was important for
LEF-5/LEF-5 interaction. A series of carboxyl-terminal
deletions were also tested (Fig. 2, lanes 6–12). Deletions
of 51, 61, and 71 aa from the C terminus tended to be
retained at higher levels than in vitro translated full-
length LEF-5, whereas deletion of an additional 10 amino
acids to aa183 caused protein retention to drop to 13% of
full length (lane 9). Further deletions were also retained
only weakly (lanes 7 and 8) or at undetectable levels
(lane 6). Thus under the conditions of these assays, all
N-terminal deletions (D26 and beyond) resulted in highly
significant reductions in retention of the translated pro-
tein, whereas the C-terminal 71 aa could be deleted
without a negative effect on retention.
In an attempt to further map the region(s) important
for this interaction, a series of internal overlapping
40-aa deletions (Fig. 1B) were tested (Fig. 3). All inter-
TABLE 1
Summary of Yeast Two-Hybrid Results
Yeast clone Plate assaya
Growth on Ura
2 plates Liquid assayb
Y5AS/ACT 2 2 1.3
YAS/5ACT 2 2 1.3
Y5AS/5ACT 1 1 56
a Assay conducted as in (Evans et al., 1997).
b Values are nmols o-nitrophenol/minute/mg/protein, calculated as
described (Evans et al., 1997); data from one representative experiment
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nal deletions between aa 26 and 214 resulted in sig-
nificant reductions in protein retention. Deletion mu-
tants including aa26–aa89 and aa174–aa214 were re-
tained at reproducibly lower levels than aa89–aa174,
although within these treatments, only the retentions
of D89–130 and D174–214 were significantly different
(P , 0.05, Tukey multiple comparison test). Retention
of deletion D194–234 was 20% of full length, while
deletion mutant D214–254 was retained at levels ex-
ceeding full length (161%). Other deletions within the
C-terminal 71 aa (i.e., D204–225, D234–265, and D254–
265) were also retained at equal or higher levels than
full-length LEF-5 (data not shown). Thus internal dele-
tions spanning aa26–aa214 all significantly reduced
retention compared with full-length LEF-5 (P , 0.01),
with deletions spanning aa26–89 and 174–214 having
the greatest effect. In summary, our deletion analysis
suggested that, at a minimum, the N-terminal 194 aa
are important for interaction of LEF-5 with itself.
Activity of LEF-5 and LEF-5 deletion mutants in late
transcription
We tested both the N- and C-terminal deletions in a
transient expression assay using the p39 capsid late pro-
moter driving a GUS reporter gene (Fig. 4D) (Jefferson, 1987;
Leisy et al., 1995). All the genes required for late gene
expression (Lu and Miller, 1995) except p143, lef-4, and lef-5
were supplied by cosmids (Fig. 4B). Lef-4, lef-5, and p143
were supplied on plasmids cloned into pie1p2, a plasmid
allowing transfection of cloned gene under control of the
AcMNPV ie-1 promoter (Fig. 4C). When all of the genes
required for late transcription except lef-5 were transfected,
GUS activity was routinely ,1.5 pm methylumbelliferone
(MUB)/min/mg protein (Fig. 5). When lef-5 was added,
330 6 13 pm MUB/min/mg protein was obtained (defined
as 100% in Fig. 5), confirming the requirement for LEF-5 in
late transcription (Passarelli and Miller, 1993; Lu and Miller,
1995). Substitution of full-length lef-5 by D2–26 in the assay
FIG. 1. Diagram of the LEF-5 deletion clones. (A) Schematic representation of LEF-5 N- and C-terminal deletions. N-terminal deletions retain the
initiating Met codon followed by the BglII encoded Arg-Ser sequence. C-terminal deletions all terminate with an in-frame BglII site (Arg Ser) followed
by the native LEF-5 stop codon sequence. (B) Schematic representation of LEF-5 internal deletions. Internal deletions are bridged by an in-frame
Arg-Ser sequence. For (A) and (B), the numbers on the left indicate the amino-acid positions of the Arg residues encoded by the BglII sites joined
to make the deletion. The full-length reading frame is indicated as 1–265 at the top.
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resulted in a 20% drop in GUS activity, while deletion clone
D2–47 was completely inactive (Fig. 5). Thus amino acids
between aa26 and 47 are critical for LEF-5 activity. Dele-
tions from the C terminus were also tested. Deletion of the
C-terminal 11 and 31 aa caused activity to drop to 31 and
27% that of full-length LEF-5, respectively, whereas C-termi-
nal deletions beyond aa234 were not active (Fig. 5). In
addition, we tested all of the 40-aa deletion mutants shown
in Fig. 1B in the transient expression assay. None resulted
in GUS activities significantly different from those obtained
when LEF-5 was omitted (data not shown).
LEF-5 contains a C-terminal domain homologous to
the transcription factor TFIIS zinc ribbon
Alignment and modeling. Prior characterization of LEF-5
had not found recognizable motifs with the exception of a
nuclear localization signal (Passarelli and Miller, 1993; Ay-
res et al., 1994). To examine the LEF-5 sequence in more
detail, we split the protein sequence of LEF-5 into nine
60-aa subsequences moving in a 30-aa window and used
each to search for homologous sequences in the protein
databases using the BLASTP algorithm (Altschul et al.,
1997). A significant homology to the Zn ribbon domain of
elongation factor TFIIS was discovered between aa233 and
aa260. Figure 6 shows alignments between the six bacu-
lovirus LEF-5 sequences currently available and the Zn
ribbon domains from seven representative TFIIS se-
quences. A conserved CXH (aa233–235, numbers based
on the AcMNPV sequence) in the baculovirus sequences
aligns with CXXC in the TFIIS sequences. At the C-terminal
end of the Zn ribbon domain, a conserved CXXC (aa257–
260) baculovirus sequence aligns with CXXC in TFIIS. Be-
FIG. 2. Interaction of in vitro translated LEF-5 end deletions with immobilized full-length LEF-5:GST fusion protein. (A) Representative phosphoimage
(one of three replicates) of a SDS–PAGE gel showing retention of LEF-5 end deletions. The relative radioactive signal for each band was quantified
by phosphoimager analysis and used to calculate the percent retention shown in (B). (B) Histogram of mean percent retention from three independent
experiments (calculated as described under Materials and Methods) for each mutant, divided by the mean value for full-length LEF-5, and expressed
as a percent. Error bars represent one standard deviation. Retention values with an asterisk were significantly different from full-length LEF-5 (P ,
0.01, Tukey multiple comparison test, df 5 11, 24).
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tween these two potential Zn coordination sites, the se-
quence QTRXXDE is highly conserved between the bacu-
lovirus and TFIIS sequences. The solution structure of the
human TFIIS (hTFIIS) Zn ribbon has been determined using
NMR, and consists of a b-ribbon formed by three antipar-
allel b-strands with a tetrahedrally coordinated zinc binding
site formed between two of the loops connecting these
strands (Qian et al., 1993) (Fig. 7A). To see if LEF-5 could
potentially fold into a similar structure, we constructed a
detailed structural model for the LEF-5 Zn ribbon (Fig. 7).
Using the NMR structure of the hTFIIS Zn ribbon (Qian et al.,
1993) as a starting model, the AcMPNV LEF-5 C-terminal
region (aa 228–265) was reconstructed based on the se-
quence alignment shown in Fig. 7. Comparison of the con-
structed model for LEF-5 with that of the human protein
determined by NMR shows that the overall fold remains
intact. and thus LEF-5 can accommodate the zinc ribbon
structure (Figs. 7A and 7B). In the hTFIIS Zn ribbon, a Zn
atom is coordinated tetrahedrally between two pairs of Cys
residues, each separated by two aa (Figs. 6 and 7A). The
model for LEF-5 predicts that the Zn atom would be coor-
dinated between C233 and H235 as part of a four-aa loop
(Fig. 7B, L1) and C257 and C260 as part of a six-aa loop
(Fig. 7B, L2). Thus the five-amino acid loop containing C263
and C266 of hTFIIS (Figs. 6 and 7A) is replaced in LEF-5 by
a four-aa loop (L1 containing C233 and H235) which would
be similar to a four-residue b-turn (Robert and Ho, 1995).
Therefore this model can accommodate distance con-
straints imposed by tetrahedral coordination of the zinc
atom for LEF-5 that are similar to those for hTFIIS (Qian et
al., 1993), without requiring major distortions to any of the
liganded amino acids.
The resulting structure also showed many of the same
features that are likely important for stabilizing the zinc
ribbon fold of the human protein. The antiparallel b-sheet
in hTFIIS forms a hydrophobic core contributed by Val,
Tyr, and Phe residues at one face of the antiparallel b-
sheet (Fig. 7C). A similar core is formed by Leu, Val, and
Phe residues in LEF-5 (Fig. 7D). Such hydrophobic cores
are thought to be important stabilizing elements for pro-
tein tertiary structure (Creighton, 1992). The remainder of
the polypeptide would be expected to fold around this
core of hydrophobic amino acids in both proteins.
The loops connecting the b-strands, L1 and L2 that
form the Zn binding site, and the disordered loop at the
opposite end (L3) of the structure, are lined with basic
amino acids, punctuated intermittently with acidic amino
acids (Figs. 7E and 7F). These would likely represent the
exposed surface and provide positive charges that could
potentially interact with the phosphodiester backbone of
RNA or DNA. This feature is generally conserved in the
LEF-5 structure (Fig. 7F). The only difficulty posed by this
model for LEF-5 is the orientation of Arg255 and Tyr 256
(Fig. 7F). In this model, the Arg is oriented toward the
hydrophobic core, while the Tyr points outward to the
surface of the ribbon. This resulted from our efforts to
introduce only minimal perturbations to the structures of
the b-sheets. An alternative model would have these two
amino acids reverse in their orientation. This would re-
sult in an even more striking similarity in the location of
aromatic and basic residues between hTFIIS and LEF-5
but would also introduce perturbations to the b-strands
which cannot be justified without supporting experimen-
tal data.
The disordered loop at the end opposite the metal site
contains for the sequence motif QTRXXDE that is nearly
FIG. 3. Interaction of in vitro translated LEF-5 internal deletions with immobilized full-length Lef-5:GST fusion protein. Quantification was performed
as in Fig. 2. Retention values with an asterisk were significantly different from full-length LEF-5 (P , 0.01, Tukey multiple comparison test, df 5 11,
24). Note the trend for increased retention of the middle deletions.
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FIG. 4. Schematic diagrams of the plasmid and cosmid constructs used in this study. (A) Schematic representation of the yeast transfer plasmids
p5ASI and p5ACTII. The principle features of the plasmids, illustrating the marker genes, promoters, DNA binding, and activation domain fusions for
pASI and pACTII, respectively, are indicated. Only part of each plasmid is shown. See Durfee et al. (1993) for further detail. (B) Map of the AcMNPV
genome showing the cosmids used and their coordinates (Ayres et al., 1994). The actual boundaries of each cosmid was determined by sequence
analysis. The positions of the 18 genes comprising the Lef library from (Lu and Miller, 1995) are shown. The three cosmids plus plasmids containing
p143, Lef-4, and LEF-5 collectively contain all 18 LEF genes. In experiments, LEF-5 was replaced by mutants of LEF-5. The 59 end of cosmid No. 59
terminates in hr2, and due to apparent heterogeneity in hr2, the exact base coordinate is approximate. (C) Schematic representation of the plasmids
containing lef-5 or lef-5 mutants, lef-4, and p143 used in transient expression assays. Lef-5 or lef-5 mutants, lef-4, and p143 were inserted into the
vector similarly via the NcoI site as described under Materials and Methods. The ATG and arrow indicates the start of the reading frame that includes
an in-frame His6 sequence. The Op p10 flanking sequence includes a functional polyadenylation signal (Gross et al., 1994). (D) Schematic
representation of the b-glucuronidase (GUS) reporter construct, pCA3. The position of the vp39 promoter TAAG start sites are indicated with arrows.
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identical between the viral and human proteins (Qian et
al., 1993) (Fig. 6). Not surprising, the structure of the
flexible loop is very similar between the human protein
and the model of LEF-5 (Figs. 7E and 7F). The loop is
hydrophilic, with Arg, Glu, and Asp residues at the tip.
Mutational analysis
To test if the putative zinc ribbon domain of LEF-5 was
important for LEF-5 activity, we constructed a series of
alanine substitutions that targeted the possible zinc co-
ordinating residues and the acidic dipeptide, DE, in the
disordered loop (Fig. 8). These amino acids were ex-
pected to be important for LEF-5 activity based on the
model presented in Fig. 7 and previous mutational stud-
ies on hTFIIS (Jeon et al., 1994; Cipres-Palacin and Kane,
1995). Each alanine substitution mutant was tested in the
transient expression assay, and the resulting GUS activ-
ity was compared to that obtained with wild-type (wt)
LEF-5 (Fig. 8). Single alanine substitutions of the aa
expected to be involved in Zn coordination based on the
model for hTFIIS all had activities that were significantly
lower than wild type (P , 0.01, Tukey multiple compari-
son test). Interestingly, the activities for C233A (58%) and
H235A (59%) were significantly higher (P # 0.05, Tukey
multiple comparison test) than the activities found for
257A and C260A, which had activities that were 24% and
26% of wt LEF-5, respectively (Fig. 8). Transient expres-
sion of a mutant with an alanine substitution at both
C233 and 235 gave an activity that was 31% of the
wild-type sequence, which was similar to the value ob-
tained for the deletion mutant lacking both C257 and
C260 (D254–265, Fig. 8). We also made substitutions in
the disordered loop region (L3, Fig. 7F). Previous studies
have shown that the acidic dipeptide DE in the hTFIIS
disordered loop (aligned with AcMNPV D248 and E249 in
Fig. 6) are essential for TFIIS function (Jeon et al., 1994;
Cipres-Palacin and Kane, 1995). To test whether these
residues were also important for LEF-5 activity, we made
five alanine substitutions within L3. Substitution mutants
G247A and I250A were expected to have full activity in
our GUS assay because alanine occurs at these posi-
tions relative to the essential DE dipeptide either in other
baculovirus LEF-5 proteins or TFIIS homologues (Fig. 6).
The activities for these two mutants were equivalent to
wt LEF-5, as expected (Fig. 8). However, alanine substi-
tutions of D248 and/or E249 resulted in significant re-
ductions in GUS activity (Fig. 8). D248A and E249A were
21% and 55% as active as the wild-type sequence, re-
spectively. Interestingly, alanine substitution of both res-
idues (D248A/E249A) reduced GUS activity to 6.5% of wt
LEF-5, Fig. 8.
To determine whether the alanine mutants were able
to interact with the late transcription complex, we used
D248A/E249A in a competition experiment with wt LEF-5
FIG. 5. Transient expression assay showing GUS activity of LEF-5 deletion mutants. Sf9 cells were transfected with a combination of pCA3 (1.0 mg,
Fig. 4D), cosmids 10, 58, and 59 (Fig. 4B) (0.2 mg each), and 0.2 mg each of pie1p2 plasmids containing lef-4 and p143, and either wt lef-5 or lef-5
deletions (Fig. 4C). The cells were harvested 48 h following transfection and GUS activity of cell extracts was read for luminescence on a Perkin–Elmer
L5-B luminescence spectrophotometer (365 nm excitation, 455 nm emission). Each column and the value above it is the average GUS activity from
three independent transfections, expressed as a percentage of the mean activity obtained from full-length lef-5. Error bars represent one standard
deviation and asterisks denote values that were significantly lower than full-length LEF-5 (P , 0.01, Tukey multiple comparison test, df 5 6,14). For
reference, the bar shown at the far left represents a transfection of cosmids and plasmids bearing all lef genes except lef-5, which reproducibly
resulted in GUS activity ,1% of that when wt lef-5 is included. Since it was not transfected at the same time as the other treatments in this experiment,
it was not included in the statistical analysis.
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in the transient expression assay. The amount of wt
LEF-5-expressing plasmid was held constant and the
D248A/E249A mutant plasmid was added in increasing
quantities. Addition of equal molar amounts of D248A/
E249A resulted in a 25% reduction in GUS activity. Addi-
tion of 23 molar excess of D248A/E249A caused GUS
activity to drop to 59% of that obtained with wt LEF-5
alone. Addition of a 43 or 83 molar excess caused
activity to drop to 45 and 31%, respectively, of when wt
LEF-5 was added alone. Thus D248A/E249A was able to
compete with wt LEF-5 in the assay (Fig. 9)
DISCUSSION
The details of baculovirus late and very-late transcrip-
tion are poorly understood despite the widespread use
of this virus as an expression system. Eighteen genes
are required for baculovirus late gene expression in
transient expression assays, 9 of which influence DNA
replication, leaving a minimum of 9 genes that are likely
specific for late gene transcription (Passarelli and Miller,
1993; Lu and Miller, 1995). The importance of LEF-5 is
underscored by the fact that it is conserved in all six
baculoviruses for which sequence data are available
(see Fig. 6 and its legend for references).
We initially used the yeast two-hybrid system to show
that LEF-5 interacts with itself and then used GST affinity
assays to map the regions important for the interaction.
Deletion analysis showed that the C-terminal 71 aa were
not required for LEF-5:LEF-5 interaction. Thus it is un-
likely that the putative Zn-ribbon domain (aa233–260) is
involved in LEF-5:LEF-5 interaction. Interestingly, LEF-5
deletion mutants in the C-terminal region often tended to
be retained at levels that exceeded the full-length protein
(Figs. 2 and 3). This may have resulted from reduced
steric crowding at the bead surface since these mutants
were smaller yet retained aa1–194. Carboxyl-terminal
deletion of amino acids upstream of aa194 caused re-
tention to fall dramatically (Fig. 2), and both of the 40-aa
internal deletions involving this boundary (D174–214 and
D194–234) were not retained well by the immobilized
fusion protein (Fig. 3). Thus the actual boundary between
amino acids required or not required for interaction is not
clear-cut and may depend on the specific sequence
context present in each mutant.
None of the N-terminal deletions tested were re-
tained well by the full-length LEF-5 fusion protein,
suggesting that the N-terminus was important for in-
teraction. The lack of interaction by the N-terminal
deletions was not a result of the altered aa sequence
at the N terminus. The N terminus of LEF-5 was orig-
inally mutated to contain a NcoI site, which facilitated
subcloning of the reading frame. This changed the aa
sequence to MAFD from MSFD. All of the parent LEF-5
clones used in this study had this N-terminal se-
quence and were functional in our assays. To make
N-terminal deletions, the N terminus was subse-
quently mutated to contain a BglII site at aa2 (giving
the N-terminal sequence MRSD). Mutants with this
N-terminal sequence interacted in the GST affinity
assay and were fully active in the transient expression
assay (data not shown). Thus the failure of the N-
terminal deletions to be retained by the immobilized
FIG. 6. Alignments of the putative LEF-5 Zn ribbon domain from five different baculoviruses with seven TFIIS sequences from various taxa.
Accession Nos.: AcMNPV LEF-5: L22858, Orgyia pseudotsugata MNPV LEF-5: U75930, Bombyx mori MNPV LEF-5: L33180, Lymantria dispar MNPV
LEF-5 (unpublished results), Cryptophlebia leucotreta granulovirus LEF-5: P41727, Xestia c-nigrum granulovirus LEF-5: U70897, Homo sapiens TFIIS:
P23193, Drosophila melanogaster TFIIS: P20232, Caenorhabditis elegans TFIIS P52652, Saccharomyces pombe TFIIS: S63845, Saccharomyces
cerevisiae TFIIS: P07273, Sulfolobus acidocaldarius TFIIS homolog: X70805, African Swine Fever Virus TFIIS: U18466, Vaccinia Virus rpo30: P21603.
Dashes represent gaps introduced in the baculovirus sequences to produce the optimal alignment with the TFIIS sequences. Amino-acid identities
and similarities are boxed or shaded, respectively, based on the comparison between hTFIIS and AcMPNV LEF-5. Potential Zn coordinating aa are
indicated at the bottom. NA: Only a partial sequence for XcGV LEF-5 was available at the time the paper went to press.
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fusion protein was not a result of the mutated N-
terminal sequence but a result of the deleted amino
acids.
All of the 40-aa internal deletions tested were retained
at lower levels than the full-length protein with the ex-
ception of D214–254. The 40-aa deletions between aa89
and aa194 tended to be retained at slightly higher levels
than deletions flanking this region (Fig. 4), but in general,
our panel of internal deletions did not narrow the LEF-5:
LEF-5 interaction domain(s) to a discreet region. Overall,
our deletion data suggest that LEF-5:LEF-5 interaction
depends on broad structural requirements within the
N-terminal 3/4 of the protein. Within the N-terminal 194
aa, the only recognizable domain is a nuclear localiza-
tion signal located between aa185 and aa200 (Ayres et
al., 1994). Obvious protein–protein interaction domains
such as leucine zippers were not found by searching the
MOTIFS database or visual examination. Our studies
have not determined whether LEF-5 interacts with itself
as a dimer or higher-order multimer or its stoichiometry
in the context of the active late transcriptional complex.
At present, a purified transcription complex enabling
direct biochemical characterization of LEF-5 is not avail-
able. Instead, LEF-5 and LEF-5 mutants were tested in
transient expression assays using a GUS reporter gene.
As expected, LEF-5 was required for GUS activity. Com-
parison of the interaction and activity data for the N-
terminal mutants (Figs. 2 and 5) suggests that LEF-5
interaction may be important for LEF-5 activity. The
D2–26 mutant interacted poorly and exhibited signifi-
cantly lower (P , 0.01) GUS activity than obtained with wt
LEF-5 in transient expression assays. The D2–47 dele-
tion mutant interacted at reproducibly lower levels than
D2–26 and was essentially inactive in the GUS assay. If
interaction is required for activity, this suggests that the
D2–26 mutant retained sufficient ability to interact with
the full-length protein to enable the level of activity seen
in the GUS assay. The C-terminal deletions tested exhib-
ited two tiers of activity. Mutants D254–265 and D234–
265 had activities approximately 30% of full-length, while
all deletion mutants involving aa upstream of aa234 were
essentially inactive.
The C terminus of LEF-5 contains a potential Zn ribbon
domain homologous to elongation factor TFIIS (Fig. 6).
TFIIS is a protein conserved among diverse taxa, includ-
ing the Archeae, viruses, yeast, insects, and humans.
TFIIS interacts with RNAPII and stimulates transcript
cleavage and readthrough activities that allow RNAPII to
read through natural arrest sites on a DNA template and
thus regulates elongation by RNAPII (Reines et al., 1989;
Agarwal et al., 1991; Christie et al., 1994; Uptain et al.,
1997). TFIIS has also been suggested to perform a proof-
reading function (Jeon and Agarwal, 1996). TFIIS has two
separate domains (II and III) required for activity, sepa-
rated by a flexible linker (Agarwal et al., 1991; Morin et al.,
1996; Olmstead et al., 1998). Domain II is specific for and
interacts with RNAPII, while domain III consists of a Zn
ribbon located at the C-terminal end of the protein that
has been suggested to interact with nucleic acids (Jeon
et al., 1994). LEF-5 is similar in size to TFIIS (see Fig. 6)
and the Zn ribbon domain is also located near the C
terminus. In all of the LEF-5 sequences available, the
potential Zn binding amino acids are absolutely con-
served, as are the amino acids comprising the disor-
dered loop (Fig. 6). These sequences are either similar or
identical to amino acids required for TFIIS Zn coordina-
tion and/or activity (Fig. 6; Jeon et al., 1994; Cipres-
Palacin and Kane, 1995). This supports our hypothesis
that this domain in LEF-5 is functionally similar to the
TFIIS Zn ribbon. The model constructed for the putative
LEF-5 Zn ribbon using the NMR data for hTFIIS suggests
that LEF-5 could indeed assume a secondary structure
similar to that of the TFIIS Zn ribbon (Fig. 7). Despite
amino-acid sequence differences between the LEF-5
and TFIIS domains, our model suggests several struc-
tural similarities. A hydrophobic core is formed by anti-
parallel b-strands in both TFIIS and the LEF-5 model. The
resulting b-sheet is stabilized by hydrogen bonding be-
tween hydrophilic side chains in hTFIIS, and similar side
chain interactions and bond distances can be imposed
on LEF-5 while maintaining appropriate torsion angles
along the peptide backbone. In both structures, two of
the loops connecting the b-strands allow for coordina-
tion of a Zn atom with tetrahedral geometry. The third
loop is disordered in TFIIS and has a sequence that is
very similar to the same region in LEF-5. Finally, the
FIG. 7. Zn ribbon model for LEF-5 aa228–265. hTFIIS and LEF-5 were aligned using the conserved QTRXXDE sequence within the hTFIIS disordered
loop as a reference point (top left). This alignment served as the starting point for creating a model for LEF-5 using molecular simulation software
with NMR solution structure data for the human TFIIS Zn ribbon (Qian et al., 1993). For hTFIIS, the boxed aa form the antiparallel b strands that make
up the b sheet. Based on the computer-generated model, the analogous aa in LEF-5 are boxed and also indicated on ribbon diagram B. (A) and (B)
show the overall fold and Zn21 coordination site for hTFIIS and the LEF-5 model, respectively. L1, L2, and L3 are amino-acid loops connecting the
b strands and are indicated in both the alignment and (B). In hTFIIS (A), the Zn21 atom is coordinated between two amino-acid loops each containing
a pair of cysteines. In LEF-5 (B), the loops L1 and L2 consist of four and six aa, containing C233, H235 and C257, C260, respectively. The distance
constraints imposed by tetrahedral coordination of the Zn21 atom for hTFIIS are satisfied by the model for LEF-5. (C) and (D): Similar distribution of
hydrophobic amino acids between hTFIIS and for the Zn ribbon model of LEF-5. LEF-5 aa L228, L230, V238, V240, and F253 in (D) would be expected
to contribute to the hydrophobic core of the ribbon structure and stabilize the b sheet. (E) and (F): Similar distribution of charged amino acids between
hTFIIS and for the Zn ribbon model of LEF-5. Notice that the charged residues are distributed primarily on the outside of hTFIIs, and this feature is
generally conserved in the model for LEF-5. For (A–F), the peptide backbone is indicated in green, acidic aa are red, basic aa blue, hydrophobic aa
black, and uncharged hydrophilic aa are pink. Sulfur atoms are yellow.
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overall distribution of charged amino acids on the sur-
face of the structure is very similar between the TFIIS
and LEF-5 (Fig. 7).
Our mutagenesis data of the putative LEF-5 Zn ribbon
are also consistent with this model. All of the mutations
either targeting potential Zn ligands or residues in L3
known to be essential for TFIIS activity were significantly
less active in our transient expression assays. As noted
above, C233A and H235A were significantly more active
than C257A or C260A. Examination of the model in Fig. 7
provides a possible explanation for this observation.
C233 and H235 are part of the four-aa loop L1, which
contains, in addition, the hydrophilic amino acids Arg 234
and D236, whereas C257 and C260 are part of the six-aa
L2 and are surrounded by hydrophobic amino acids
(Y256 and M262, Fig. 7). Since L1 is smaller and hydro-
philic, C233 or H235 would tend to be more accessible
than either C257 or C260 to being replaced by a water
molecule without dramatically affecting the overall integ-
rity of the metal site. For example, a water molecule
serves as the fourth ligand in the tetrahedral zinc of
carbonic anhydrase (Hakansson et al., 1992; Nakanishi
et al., 1995). In addition, these residues sit within a fairly
constrained four-residue b-turn that would not likely be
disrupted by a single alanine substitution. However, sub-
stitution of both ligands would completely disconnect
this loop from the remainder of the protein, leaving noth-
ing to keep it from unraveling. Thus substitution of both
amino acids would be expected to disrupt activity of the
entire domain. Deletion mutant D254–265 lacks L2 and
thus based on the TFIIS model, the Zn binding site would
be completely disrupted in this mutant. Thus all the
mutations that would be expected to disrupt the metal
binding site reduced GUS activity to a level equivalent to
that seen when the entire domain was deleted (e.g.,
D234–265). TFIIS is not essential for overall transcription
but does modulate the rate of full-length RNA production
by regulating the passage of RNAPII through arrest sites
on the DNA template (Reines et al., 1989). In contrast,
LEF-5 is essential for AcMNPV late transcription (Lu and
Miller, 1995; this study) and is likely required for baculo-
virus viability, since Gomi et al., (1997) were unable to
make a viable BmNPV mutant with the lef-5 gene de-
leted. Additionally, there is no evidence that suggests
that TFIIS interacts with itself (Uptain et al., 1997),
whereas LEF-5 clearly does (this study). Our observa-
tions suggest that the putative Zn ribbon domain contrib-
utes substantially to LEF-5 activity but some activity is
retained in its absence. Thus LEF-5 appears to have a
complex mode of action, possibly involving two or more
functions. For example, LEF-5 could be involved in both
initiation of late transcription and elongation. If the Zn
ribbon domain only functioned in elongation, elimination
FIG. 8. LEF-5 alanine substitution mutants and their activity in transient expression assays. The mutants are named for the amino acid(s) changed
(numbered above), and their positions indicated by shading. For reference, the D234- and D254–265 deletion mutants are shown at the bottom. The
GUS activities of each mutant (6 1 standard deviation) relative to the wild-type sequence are shown on the right.
FIG. 9. Interference by D248A/E249A. Transfections were performed
as described above except that in addition to 0.2 mg wt lef-5 (p5pie1p2),
each treatment received the indicated amount of D248A/E249A. pBlue-
script SK(-) was added in varying amounts to equalize the amount of
DNA transfected in each treatment. Each datum is the mean of three
replicates, expressed as a percent of the GUS activity obtained without
D248A/E249A. Error bars denote one standard deviation
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of this domain would reduce the overall levels of mature
transcript produced, as reflected in the 70% reduction in
GUS activity observed in our transient expression assay
when D234–265 was used. The N-terminal 194 aa were
required for LEF-5:LEF-5 interaction, and deletions in this
region eliminated LEF-5 activity (with the exception of
D2–26 discussed above). Other as yet undefined regions
of the protein may interact with the late transcription
complex as would be expected given the requirement of
LEF-5 in late transcription. Self-interaction and interac-
tion with the transcription complex could be required for
initiation and/or elongation. We have recently developed
an in vitro transcription assay that allows the indepen-
dent characterization of the late initiation and elongation
complexes (Funk et al., 1998) and are in the process of
adapting this assay to directly characterize LEF-5 bio-
chemically.
It is interesting to note that while a variety of other RNA
and DNA polymerase-related polypeptides have potential
Zn ribbon domains, only TFIIS homologues have the se-
quence QTRSADE in the loop linking b-strands 1 and 2
(Qian et al., 1993). This motif is characteristic of all TFIIS
sequences studied to date and is very similar to the bacu-
lovirus consensus Q(T/L)RAGDE (Fig. 6). Within the TFIIS
disordered loop, the acidic dipeptide DE (boxed in Fig. 6) is
invariant and essential for the transcript cleavage and
readthrough activities of TFIIS (Jeon et al., 1994; Cipres-
Palacin and Kane, 1995). These two amino acids are invari-
ant in all six of the LEF-5 sequences as well. Our alanine
substitutions in the disordered loop suggest that they are
also important for LEF-5 activity. Substitution of the adjoin-
ing aa G247 or I250 had no effect on activity, but substitu-
tion of D248 or E249 caused significant reductions in GUS
activity (Fig. 8). Because the Zn ribbon as a whole is es-
sential for TFIIS activity (Agarwal et al., 1991; Jeon et al.,
1994; Cipres-Palacin and Kane, 1995), and LEF-5 retains
approximately 30% of its wt activity without the domain, we
did not expect that amino-acid substitutions within the do-
main would yield GUS activities lower than D234–265. Thus
it was surprising that the double alanine mutant D248A/
E249A was only 6.5% as active as the wt protein, as deter-
mined in two separate, replicated experiments. While these
two acidic amino acids are essential for both the transcript
cleavage and readthrough activities of TFIIS, their func-
tional role is unknown. Based on the TFIIS Zn ribbon model,
it is unlikely that this mutant was structurally disrupted,
since Awrey et al. found that mutation of these residues in
Saccharomyces cerevisiae TFIIS did not disrupt the Zn
ribbon (Awrey et al., 1998). It is possible that this mutant is
able to interact with the transcriptional complex and the
DNA template via the Zn ribbon domain as part of its normal
functioning but be incapable of elongating because these
two residues were changed. This could have the effect of
‘‘clamping’’ the complex on the template and could explain
why this mutant is so much less active than when the entire
domain is missing.
MATERIALS AND METHODS
Cells
All bacterial plasmids were propagated in Escherichia
coli strain DH5a unless noted otherwise. Spodoptera
frugiperda (Sf-9) cells (Vaughn et al., 1977) were cultured
in SF900II media (Gibco), according to published proce-
dures (Summers and Smith, 1987). S. cerevisiae Y166
(MATa; ura3–52; leu2–3,-112; his3D 200; ade2–101; trp1–
901; gal4D; gal80D; RNR<GAL 1/10 UAS3Ura3;
Lys2<GAL UAS3His3; GAL3lacZ) was provided by
Steven Elledge (Durfee et al., 1993) and propagated as
described in (Sherman, 1991) on appropriate media.
Plasmid and cosmid constructs
Lef-5 was subcloned from an EcoRI D pBR325 clone
from an AcMNPV plasmid library (strain E2 (Smith and
Summers, 1978) by ligating a 1027-bp KpnI/PvuII frag-
ment into pBluescript KS (2) [pKS(2), Stratagene] cut
with KpnI and SmaI. A NcoI site was introduced in-frame
with the LEF-5 initiation codon using oligonucleotide
directed mutagenesis (see below), giving p5Nco1.
p5Nco1 was cut with NcoI and BamHI, end-filled with T4
polymerase, and religated. This removed 106 bp of up-
stream sequence and brought the LEF-5 initiation codon
closer to the vector’s T7 promoter for in vitro transcrip-
tion/translation experiments, while preserving the NcoI
site. Site-directed mutagenesis was then used to restore
the adenine at position 23 relative to the ATG (Kozak,
1989). These manipulations resulted in the full-length
Lef-5 in vitro transcription-translation plasmid p5TnT1–
265.
For the yeast two-hybrid assay, the LEF-5 reading frame
was cloned into either pACTII or pASI (Durfee et al., 1993),
as an 874-bp NcoI/SmaI fragment from p5TnT 1–265, cre-
ating p5ACTII and p5ASI, respectively (Fig. 4A).
A plasmid allowing expression of full-length lef-5:glu-
tathione–S-transferase (GST) fusion protein was con-
structed by cutting pGEX CS-1 (modified from the Phar-
macia pGEX vector by creation of a NcoI site in-frame
with the GST reading frame) with NcoI and KpnI and
inserting the 1028-bp NcoI/SmaI fragment from p5TnT
1–265. This was called p5GEX 1–265.
A cosmid library of the AcMNPV genome was con-
structed as follows: partially cut Sau3a fragments .33 kb
from AcMNPV strain L1 were gel purified and ligated to
BamHI-cut pWE15. The DNA was packaged using a
Gigapack packaging system (Stratagene) and trans-
fected into DH5a. Colonies were picked at random, and
the DNA from each colony was isolated and screened by
digestion with HindIII. Digests from individual clones
were compared to HindIII digests of whole viral DNA to
determine relative positions of each cosmid. The precise
boundaries of the cosmids were determined by DNA
sequence analysis. Cosmids 1, 10, 58, and 59 include all
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18 genes required for late transcription and were used
for our transient expression assays (Fig. 4B).
lef-4, p143, lef-5, or mutants of lef-5 were cloned into a
vector (pIE1p2), allowing the expression of His-tagged
proteins in Sf9 cells under control of the AcMNPV ie-1
promoter (Fig. 4C). This vector was constructed as fol-
lows: a 1557-bp p10 39 flanking region containing the p10
polyadenylation signal from Orgyia pseudosugata MNPV
was subcloned into pUC118 from p10-GUS (Gross et al.,
1994) as a SacI/SalI fragment. The p10 polyadenylation
signal fragment was removed with EcoRI/SalI and ligated
into pKS- cut with EcoRI and XhoI, giving pKSp10polyA.
Separately, the plasmid pIE-1 (Leisy et al., 1995) was
modified to contain a NcoI site in-frame with the IE-1
initiating codon (Pearson and Rohrmann, 1997) by site-
directed mutagenesis. A linker encoding six histidines
and bordered by NcoI (Table 1) sites was inserted into
the NcoI site to make pEXP6. An 821-bp SacI/EcoRV
fragment containing the ie-1 promoter and a portion of
the IE-1 reading frame was subcloned into pUC118 cut
with SacI/SmaI, and the resulting plasmid was cut with
BamHI (partial) and PstI, removing an 805-bp fragment.
This fragment was ligated into pKSp10polyA cut with
BamHI/PstI, giving pie1p2. Lef-4 was subcloned from
AcMNPV HindIIIC as a 1527-bp NarI PvuII fragment li-
gated into pKS(2) cut with AccI and SmaI. A NcoI site
was introduced at the initiation codon by site-directed
mutagenesis and the reading frame was then subcloned
into pACTII cut with NcoI and BamHI. p4ACTII was cut
with NcoI and XhoI and ligated into pie1p2 cut with NcoI
and SalI. p143 (helicase) was subcloned into pKS from
pUC19 (Kool et al., 1994), mutagenized to contain an NcoI
site at its initiation codon, and then cloned into pie1p2.
The LEF-5 reading frame was subcloned into pie1p2 by
cutting p5ACTII with NcoI/XhoI, ligating it into pie1p2 cut
with NcoI/SalI.
A reporter construct containing the GUS gene under
control of the complete vp39 promoter, was constructed
as follows: a 4441-bp SalI/XhoI from the AcMNPV Hin-
dIIIC fragment that included the entire vp39 gene and
1592 bp of upstream sequence was subcloned into
pBS(2) (Stratagene) cut with SalI. The resulting plasmid
was then cut with BamHI and EcoRI, end-filled with
Klenow polymerase, and religated, removing several un-
wanted restriction sites. This construct was cut once
with NarI, end-filled with Klenow, and then BamHI linkers
were added and ligated together. This created a BamHI
site immediately downstream of the vp39 late promoter.
This plasmid was partially digested with ScaI, and a SacI
linker added, and the plasmid was religated. Because
the other ScaI site was in the ampicillin resistance gene,
only the correct product was propagated. This created a
SacI site 625 bp downstream from the BamHI site, giving
pCA2B. Finally, a 1892-bp BamHI/SacI fragment from
pBI101.2 (Clontech) containing the GUS gene was in-
serted into pCA2B, creating pCA3 (Fig. 4D).
Mutagenesis
Site-directed mutagenesis was performed by the
method of (Kunkel et al., 1987) or with the Morph mu-
tagenesis kit (5 Prime 3 3 Prime, Inc., according to
provided protocols). All mutations were confirmed by
sequence analysis. BglII sites (AGATCT, encoding Arg–
Ser) were introduced in-frame at approximately 10- or
20-aa intervals throughout the LEF-5 reading frame in
p5TnT1–265, each resulting in a two-amino acid substi-
tution. Where possible, the location of the mutation was
chosen so the amino-acid changes made were as con-
servative as possible. Table 2 lists the oligonucleotides
used. Deletions were made by ligating a BglII/KpnI frag-
ment from one BglII mutant with the opposite fragment
from another BglII mutant. In this way, deletions of vari-
able length could be made with the same set of frag-
ments (Hunter et al., 1996). Mutants were named accord-
ing to the amino acid position of the arginine residue of
the BglII sites used to make the deletion. Thus the
mutant made by ligating the KpnI/BglII fragment of the
mutant with a BglII site at aa2 to the BglII/KpnI fragment
of the mutant with a BglII site at aa26 was called D2–26
(Fig. 1).
Yeast two-hybrid system
Yeast two-hybrid assays were performed as described
previously (Evans et al., 1997). p5ACTII and p5ASI each
were transfected into yeast cells (creating Y5ACTII and
Y5ASI) and plated on selective media (without leucine or
tryptophan, respectively). Y5ACTII cells were then trans-
fected with p5ASI (creating Y5ASI/5ACTII) and propa-
gated in media lacking both amino acids. Yeast double
recombinants with only one copy of LEF-5 (Y5ACTII/ASI
and Y5ASI/ACTII) were used as negative controls. These
were produced by transfecting Y5ACTII with pAS1 and
Y5ACTII with pACTII. For the Ura plate assay, yeast
ASI/ACTII double recombinants were streaked on plates
lacking uracil, Trp, and Leu. Uracil auxotrophy is relieved
only when the Gal4 promoter is activated by an interact-
ing protein pair (Durfee et al., 1993). The b-galactosidase
plate and liquid culture assays were performed as de-
scribed (Evans et al., 1997).
Protein expression
Lef5:GST fusion protein was expressed from p5GEX
1–265 in bacterial strain DH5a. A 20-ml fresh overnight
culture was used to inoculate 1 L of 2xYT (Sambrook et
al., 1989). The culture was grown to an OD600 of 0.7–0.9
and then chilled on ice for 1 h. After cooling, 20 ml of
ethanol was added with mixing, and protein expression
was induced by addition of IPTG to 1 mM (final concen-
tration). The culture was then shaken at room tempera-
ture (23–26°C) for 22–24 h. Bacteria were sedimented at
6000 x g for 10 min in 250-ml jars in a GSA rotor. Bacterial
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pellets were resuspended in a total of 200 ml of ice cold
PBS to which lysozyme was added to 0.4 mg/ml final
concentration. The suspension was incubated on ice for
30 min and then sonicated to complete cell lysis and
break up DNA. Insoluble material was removed by cen-
trifugation (30 min, 30,000 x g) and the supernatant was
stored in aliquots at 280°C.
p5TnT1–265 or deletion clones were translated in vitro
using a coupled transcription/translation system (TnT,
Promega) utilizing the T7 promoter and wheat germ ex-
tracts according to supplied protocols. All translations
used 35S-Cysteine at 600–800 mCi/mmol (NEN). Synthe-
sis of each in vitro translated protein was quantified by
SDS–PAGE/phosphoimager analysis and the remainder
of each in vitro translate was stored at 280°C until use.
Protein analysis
Sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS–PAGE) was performed according to stan-
dard protocols (Laemmli, 1970) with the BioRad Minipro-
tean minigel apparatus. Gels were either stained in Coo-
massie Blue R-250 or dried and used to expose
phosphoimager screens (Molecular Dynamics), typically
overnight. Screens were read on a molecular dynamics
PSI-486 phosphoimager S1. Radioactivity corresponding
to the labeled product from an in vitro translate was
quantified using Molecular Dynamics ImageQuant 4.1
software.
GST fusion affinity assays
For each experiment, expressed LEF-5:GST fusion
protein was bound to glutathione-coated Sepharose
4B beads (GT–Sepharose, Pharmacia) by incubating
an appropriate amount of GT–Sepharose with a satu-
rating amount of bacterial supernatant (determined
empirically, typically 200–400 ml bacterial supernatant
per 10 ml of GT–Sepharose) in 15 ml conical centrifuge
tubes rotating end over end for 1 h at 4°C. The protein
bound GT Sepharose was sedimented and washed 32
with 15 ml phosphate-buffered saline (PBS) supple-
mented with 0.2% Nonidet-40 (NP-40) and then
washed once more with GST buffer (10% glycerol, 0.5%
BSA, 0.1% NP40 in PBS, pH 7.4). It was then resus-
pended in a convenient volume and aliquotted to in-
TABLE 2
Oligonucleotides Used
Mutant Oligonucleotide sequencea Target mutation
bgl2 CCTTAACGACGCCATCATCAGATCTCATGGTTCCACTAGTTCTAGAGC BglII site at aa2
bgl26 CAGTTTAAATAAGGCGTAACTGGTAGATCTTTGTACATTATGGCCTCCTCG BglII site at aa26
bgl47 GGAAAATTTTCTGTTAAGAAATCTATAGATCTAGAGTAGTTTTTGTTTATACG BglII site at aa47
bgl68 GTGAAACAGATGGCCGGTAGATCTAAAGTTGAACGTTTTGTTTTTGACGTTGGG BglII site at aa68
bgl89 CTGCAATCGAATTTGTTTGCGAGATCTCACCAAATCACTGACG BglII site at aa89
bgl110 GCTCAGTGTACAGTTTGAAAGATCTTATTGTGTTGTTGAACAGC BglII site at aa110
bgl130 GCAATAGCTGGCACGGACAAGATCTATCGACGCCTTCGGTCCGTTCG BglII site at aa130
bgl154 CGGCTTTATGTCAAAAGATCTGCAATTTAAGTTTTC BglII site at aa154
bgl162c AAAAGGTTCCTTTTTAGATCTGGGCGGCTTTATGTC BglII site at aa162
bgl174 TTTGTAAATTAGGGAAGATCTGTAAAGAATGTTGTC BglII site at aa174
bgl183c TTCCTTTTTTTTCAAAGATCTACTTTTGTAAATTAG BglII site at aa183
bgl194 TTTCTTTTTGCGTGTAGATCTAGCCATGGTTCCACTA BglII site at aa194
bgl204 TTTATCATTCAATATAGATCTGTGTTTGATTTTCTT BglII site at aa204
bgl214 ATTTTTATTACTGTTAGATCTATAAATAACTTTATC BglII site at aa214
bgl225 TTTTAAACTAAGCCCAGATCTCTCAAATAGTTTATT BglII site at aa225
bgl 234 GACTGTTACAAAATCAGATCTGCAAGATTTTAAACT BglII site at aa234
bgl254 ACACAGCCGACAGTAAGATCTGAAGCAAGCGATTTC BglII site at aa254
bgl264 AACACGCTACTATTAAGATCTAGACATTCCACACAG BglII site at aa264
Lef-5NcoI CCATCATCAAACGCCATGGTCTCGTTTTAAGC NcoI site at Met-1
Lef-4NcoI CGTTATAACCATGGACTACGGC NcoI site at Met-1
C233A CAAAATCATGTCTGGCAGATTTTAAACTAAG C233 to A
H235A CTGTTACAAAATCAGCTCTGCAAGATTTTAAAC H235 to A
C233A/H235A GACTGTTACAAAATCAGCTCTGGCAGATTTTAAAC H235 of A233 to A
G247A GAAGCGATTTCGTCGGCTGCCCTCGTTTG G247 to A
D248A GAACGAAGCGATTTCGGCGCCTGCCCTCGTTTG D248 to A
E249A GAATGAACGAAGCGATTGCGTCGCCTGCCCTCGTTTG E249 to A
I250A GAATGAACGAAGCGGCTTCGTCGCCTGCCCTC I250 to A
D248A/E249A GAACGAAGCGATTGCGGCGCCTGCCCTCGTTTG D248E249 to AA
C257A CATTCCACACAGCCGAGCGTAGCGAATGAACGAA C257 to A
C260A TTCGCTACTGTCGGCTGGCTGGAATGTCTGGTTG C260 to A
a Overbars indicate changes from wt sequence.
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dividual tubes so that each tube received 10 ml of
GT-Sepharose. Glutathione–transferase (without the
LEF-5 fusion) was expressed and processed in exactly
the same way for negative control reactions. Purity of
the expressed GST and GST:Lef5 fusion was judged to
be 75% or better following binding and washing judged
by SDS–PAGE. In each experiment, extract containing
the in vitro transcribed full-length LEF-5 or LEF-5 mu-
tant was added to individual 10-ml aliquots so that
each received a roughly equal molar quantity of the in
vitro translated mutant (relative to full-length LEF-5).
This was accomplished by adjusting the volume of
extract added (volumes averaged 1–4 ml) to account
for relative phosphoimager signal obtained from the
initial phosphoimager analysis of the in vitro transla-
tion and the number of labeled cysteine residues in
each mutant. The total volume in each tube was
brought to 400 ml in GST buffer and then incubated for
1 h at 4°C with end over end mixing. After incubation,
unbound protein was removed by washing the beads
four times with 1 ml GST buffer. Following the last
wash, the remaining fluid was removed from each tube
and replaced with 10 ml of SDS–PAGE disruption buffer
and placed in a boiling water bath for 4 min. The entire
sample was drawn into a 50 ml Hamilton syringe and
analyzed by SDS–PAGE. The relative amount of protein
retained by each aliquot of immobilized fusion protein
was quantified by phosphoimager analysis by dividing
the phosphoimager signal of the protein retained by
the phosphoimager signal of the protein applied to the
aliquot originally. Each mutant was tested in triplicate
and analyzed using a one way analysis of variance
(Myers and Well, 1995). Individual mean retentions
were compared using Tukey’s multiple comparison
test (Myers and Well, 1995). Significance levels are
noted in the figure legends and text.
Transfection and b-glucuronidase assay
Log phase Sf9 cells were seeded in six-well plates
(1.0 3 106 cells per well) and allowed to attach overnight.
All of the genes required for late transcription (Lu and
Miller, 1995) except lef-4, p143, and lef-5 were supplied
on cosmids 10, 58, and 59 (Fig. 4). The remaining genes
were supplied on plasmids. The cells were transfected
with 1.0 mg of the reporter plasmid and 0.2 mg of each
plasmid or cosmid (unless noted otherwise) using Cell-
fectin liposomes according to the supplier’s instructions
(Gibco-BRL). Cells were harvested and extracted 48 h
following transfection, as described previously (Leisy et
al., 1995). Cell supernatants were assayed for GUS ac-
tivity using a fluorogenic assay (Jefferson, 1987).
Structural modeling of putative LEF-5 Zn ribbon
A structural model for aa233–260 of LEF-5 was con-
structed using the Zn ribbon domain of human TFIIS as
determined by high resolution nuclear magnetic reso-
nance (NMR) spectroscopy (Qian et al., 1993), which
served as the starting model for the viral protein. The
model was constructed and refined on an O2 worksta-
tion (Silicon Graphics, Inc., Mountain View, CA) using the
Insight II and Discover packages (BIOSYM/Molecular
Structure, Cambridge, MA) for molecular simulations. In
these studies, we used the AMBER force fields for mo-
lecular mechanics and molecular dynamics simulations
(Weiner and Kollman, 1984).
The sequence from residues 228 to 265 of the viral
protein was aligned with the human protein, using the
common QTRXXDE (Fig. 6) motif as a structural reference
point, and the CXH sequence from aa233 to aa235 and
CXXC sequence from aa257 to aa260 as the putative zinc
binding domain. The amino acids from the starting model
of the human protein were then systematically replaced
or deleted according to this alignment scheme. The gaps
resulting from the deleted amino acids were manually
closed in this structure by collapsing the structure at
regions that appeared to be transitions between struc-
tural domains. The strain to the backbone resulting from
these perturbations were relieved by simulated anneal-
ing (Kirkpatrick and Gelatt, 1983), which consisted of a
series of 1–10 picosecond molecular dynamics (in 1-fem-
tosecond steps at 300–500 K) followed by energy mini-
mization simulations. These molecular simulations
started with amino acids that were perturbed most in the
process of closing the gaps in the sequence, followed by
the immediately adjacent amino acids. This process was
continued until the entire structure was refined. One of
us (P.S.H.) previously employed this stepwise refinement
of structures to successfully model the structure of the
transactivating RNA from HIV using a domain of t-RNA as
a starting model (Loret et al., 1992). In the current study,
the distances from the zinc to the cysteine sulfurs were
constrained to 2.3 Å and the Zn-N distance (of the His
235 ring nitrogen) was constrained to 2.0 Å. In addition,
a weak distance constraint of 2.6–3.2 Å was imposed on
the carbonyl oxygens and peptide nitrogens that were
observed in the human TFIIS to form hydrogen bonds
along the three-stranded antiparallel b-ribbon. The re-
sulting structure showed torsion angles along the back-
bone that fell generally within regions of a standard
Ramachadran plot for allowed fc-angles.
ACKNOWLEDGMENTS
We thank the following people for providing materials: Steven
Elledge for providing Y166, pASI, and pACT; Doug Leisy for constructing
cosmids 10, 58, and 59; Christian Ahrens for constructing pCA3; and Bill
Dougherty for providing the modified form of pGEX CS-1. We also thank
SreyRam Kuy for technical assistance and C. J. Funk and D. Leisy for
critical reading of the manuscript. This work was supported by grants
F2GM16924A, R05GM54538A, and GM53233 from the National Insti-
tutes of Health to S.H.H., P.S.H., and G.F.R., respectively.
132 HARWOOD ET AL.
REFERENCES
Agarwal, K., Baek, K., Jeon, C., Miyamoto, K., Ueno, A., and Yoon, H.
(1991). Stimulation of transcript elongation requires both the zinc
finger and RNA polymerase II binding domains of human TFIIS.
Biochemistry 30, 7842–7851.
Altschul, S., Madden, T. L., Scha¨ffer, A. A., Zhang, J. Z. Z., Miller, W., and
Lipman, D. J. (1997). Gapped BLAST and PSI-BLAST: A new gener-
ation of protein database search programs. Nucleic Acids Res. 25,
3389–3402.
Ayres, M. D., Howard, S. C., Kuzio, J., Lopez-Ferber, M., and Possee,
R. D. (1994). The complete DNA sequence of Autographa californica
nuclear polyhedrosis virus. Virology 202, 586–605.
Awrey, D. E., Shimasaki, N., Koth, C., Weilbaecher, R., Olmsted, V. K.,
Kazanis, S., Shan, X., Arellano, J., Arrowsmith, C. H., Kane, C. M., and
Edwards, A. M. (1998). Yeast transcript elongation factor (TFIIS),
structure and function. II. RNA polymerase binding, transcript cleav-
age, and read-through. J. Biol. Chem. 273, 22595–22605.
Beniya, H., Funk, C. J., Rohrmann, G. F., and Weaver, R. F. (1996).
Purification of a virus-induced RNA polymerase from Autographa
californica nuclear polyhedrosis virus-infected Spodoptera frugi-
perda cells that accurately initiates late and very-late transcription.
Virology 216, 12–19.
Blissard, G. W., and Rohrmann, G. F. (1990). Baculovirus diversity and
molecular biology. Annu. Rev. Entomol. 35, 127–155.
Christie, K. R., Awrey, D. E., Edwards, A. M., and Kane, C. M. (1994).
Purified yeast RNA polymerase II reads through intrinsic blocks to
elongation in response to the yeast TFIIS analogue, P37. J. Biol.
Chem. 269, 936–943.
Cipres-Palacin, G., and Kane, C. (1995). Alanine-scanning mutagenesis
of human transcript elongation factor TFIIS. Biochemistry 34, 15375–
15380.
Creighton, T. E. (1992). ‘‘Protein Folding.’’ W. H. Freeman, New York,
1992.
Durfee, T., Becherer, K., Chen, P.-L., Yeh, S.-H., Yang, Y., Kilburn, A. E.,
Lee, W.-H., and Elledge, S. J. (1993). The retinoblastoma protein
associates with the protein phosphatase type 1 catalytic subunit.
Genes Dev. 7, 555–569.
Evans, J. T., Leisy, D. J., and Rohrmann, G. F. (1997). Characterization of
the interaction between the baculovirus replication factors, LEF-1
and LEF-2. J. Virol. 71, 3114–3119.
Friesen, P. D. (1997). Regulation of baculovirus early gene expression.
In ‘‘The Baculoviruses’’ (L.K. Miller, Ed.), pp. 141–170. Plenum Press,
New York.
Funk, C. J., Harwood, S. H., and Rohrmann, G. F. (1998). Differential
stability of baculovirus late transcription complexes during initiation
and elongation. Virology 241, 131–140.
Glocker, B., Hoopes, R. R., Hodges, L. L., and Rohrmann, G. F. (1993). In
vitro transcription from baculovirus late gene promoters: Accurate
mRNA initiation by nuclear extracts prepared from infected Spodopt-
era frugiperda cells. J. Virol. 67, 3771–3776.
Glocker, B., Hoopes, R. R., and Rohrmann, G. F. (1992). In vitro trans-
activation of baculovirus early genes by nuclear extracts from Au-
tographa californica nuclear polyhedrosis virus-infected Spodoptera
frugiperda cells. J. Virol. 66, 3476–3484.
Gomi, S., Zhou, C. E., Yih, W., Majima, K., and Maeda, S. (1997). Deletion
analysis of four of eighteen late gene expression factor gene homo-
logues of the baculovirus, BmNPV. Virology 230, 35–47.
Gross, C. H., Russell, R. L. Q., and Rohrmann, G. F. (1994). Orgyia
pseudotsugata baculovirus p10 and polyhedron envelope protein
genes: Analysis of their relative expression levels and role in poly-
hedron structure. J. Gen. Virol. 75, 1115–1123.
Hakansson, K., Carlsson, M., Svensson, L. A., and Liljas, A. (1992).
Structure of native and APO carbonic anhydrase II and structure of
some of its anion-ligand complexes. J. Mol. Biol. 227, 1192–1199.
Hoopes, R. R., Jr., and Rohrmann, G. F. (1991). In vitro transcription of
baculovirus immediate early genes: Accurate mRNA initiation by
nuclear extracts from both insect and human cells. Proc. Natl. Acad.
Sci. USA 88, 4513–4517.
Hunter, J. J., Bond, B. L., and Parslow, T. G. (1996). Functional dissection
of the human Bcl2 protein: Sequence requirements for inhibition of
apoptosis. Mol. Cell. Biol. 16, 877–883.
Jefferson, R. A. (1987). Assaying chimeric genes in plants: The GUS
gene fusion system. Plant Mol. Biol. Rep. 5, 387–405.
Jeon, C., and Agarwal, K. (1996). Fidelity of RNA polymerase II tran-
scription controlled by elongation factor TFIIS. Proc. Natl. Acad. Sci.
USA 93, 13677–13682.
Jeon, C., Yoon, H., and Agarwal, K. (1994). The transcription factor TFIIS
zinc ribbon dipeptide Asp-Glu is critical for stimulation of elongation
and RNA cleavage by RNA polymerase II. Proc. Natl. Acad. Sci. USA
91, 9106–9110.
Kirkpatrick, S., and Gelatt, C. D. J. (1983). Optimization by simulated
annealing. Science 220, 671–680.
Kool, M., Ahrens, C. H., Goldbach, R. W., and Rohrmann, G. F. (1994).
Identification of genes involved in DNA replication of the Autographa
californica baculovirus. Proc. Natl. Acad. Sci. USA 91, 11212–11216.
Kozak, M. (1989). The scanning model for translation: An update. J. Cell
Biol. 108, 229–241.
Kunkel, T. A., Roberts, J. D., and Zakour, R. A. (1987). Rapid and efficient
site-specific mutagenesis without phenotypic selection. Methods
Enzymol. 154, 367–403.
Laemmli, U. K. (1970). Cleavage of structural proteins during assembly
of the head of bacteriophage T4. Nature 227, 680–685.
Leisy, D. J., Rasmussen, C., Kim, H., and Rohrmann, G. F. (1995). The
Autographa californica nuclear polyhedrosis virus homologous re-
gion 1a: Identical sequences are essential for DNA replication ac-
tivity and transcriptional enhancer function. Virology 208, 742–752.
Loret, E. P., Georgel, P., Johnson, W. C. J., and Ho, P. S. (1992). Circular
dichroism and molecular modeling yield a structure for the complex
of human immunodeficiency virus type 1 trans-activation response
RNA and the binding region of Tat, the trans-acting transcriptional
activator. Proc. Natl. Acad. Sci. USA 89, 9734–9738.
Lu, A., and Miller, L. K. (1995). The roles of eighteen baculovirus late
expression factor genes in transcription and DNA replication. J. Virol.
69, 975–982.
Lu, A., and Miller, L. K. (1997). Regulation of baculovirus late and very
late gene expression. In ‘‘The Baculoviruses’’ (L.K. Miller, Ed.), pp.
193–216. Plenum Press, New York.
Morin, P. E., Awrey, D. E., Edwards, A. M., and Arrowsmith, C. H. (1996).
Elongation factor TFIIS contains three structural domains: Solution
structure of domain II. Proc. Natl. Acad. Sci. USA 93, 10604–10608.
Myers, J. L., and Well, A. D. (1995). ‘‘Research Design and Statistical
Analysis.’’ Lawrence Erlbaum Associates, Inc., Hillsdale, NJ.
Nakanishi, T., Shimoaraiso, M., Kubo, T., and Natori, S. (1995). Structure-
function relationship of yeast S-II in terms of stimulation of RNA
polymerase II, arrest relief, and suppression of 6-azauracil sensitivity.
J. Biol. Chem. 270, 8991–8995.
Olmsted, V. K., Awrey, D. E., Koth, C., Shan, X., Morin, P. E., Kazanis, S.,
Edwards, A. M., and Arrowsmith, C. H. (1998). Yeast transcript elon-
gation factor (TFIIS), structure and function. I. NMR structural anal-
ysis of the minimal transcriptionally active region. J. Biol. Chem. 273,
22589–22594.
Ooi, B. G., Rankin, C., and Miller, L. K. (1989). Downstream sequences
augment transcription from the essential initiation site of a baculo-
virus polyhedrin gene. J. Mol. Biol. 210, 721–736.
Passarelli, A. L., and Miller, L. K. (1993). Identification of genes encoding
late expression factors located between 56 and 65.4 map units of the
Autographa californica nuclear polyhedrosis virus genome. Virology
197, 704–714.
Pearson, M. N., and Rohrmann, G. F. (1997). Splicing is required for
transactivation by the immediate early gene 1 of the Lymantria dispar
multinucleocapsid nuclear polyhedrosis virus. Virology 235, 153–165.
Qian, X., Gozani, S. N., Yoon, H., Jeon, C., Agarwal, K., and Weiss, M. (1993).
Novel zinc finger motif in the basal transcriptional machinery: Three
133MUTAGENESIS OF LEF-5
dimensional NMR studies of the nucleic acid binding domain of tran-
scriptional elongation factor TFIIS. Biochemistry 32, 9944–9959.
Rankin, C., Ooi, B. G., and Miller, L. K. (1988). Eight base pairs encom-
passing the transcriptional start point are the major determinant for
baculovirus polyhedrin gene expression. Gene 70, 39–49.
Reines, D., Chamberlin, M. J., and Kane, C. M. (1989). Transcription
elongation factor SII (TFIIS) enables RNA polymerase II to elongate
through a block to transcription in a human gene in vitro. J. Biol.
Chem. 264, 10799–10809.
Robert, C. H., and Ho, P. S. (1995). Significance of bound water to local
chain conformations in protein crystals. Proc. Natl. Acad. Sci. USA
92, 7600–7604.
Roelvink, P. W., van Meer, M. M. M., de Kort, C. A. D., Possee, R. D.,
Hammock, B. D., and Vlak, J. M. (1992). Dissimilar expression of
Autographa californica multiple nucleocapsid nuclear polyhedrosis
virus polyhedrin and p10 genes. J. Gen. Virol. 73, 1481–1489.
Rohrmann, G. F. (1986). Polyhedrin structure. J. Gen. Virol. 67, 1499–
1513.
Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). ‘‘Molecular Cloning.
A Laboratory Manual.’’ Cold Spring Harbor Press, Cold Spring Har-
bor, NY.
Sherman, F. (1991). Getting started with yeast. Methods Enzymol. 194,
3–21.
Smith, G. E., and Summers, M. D. (1978). Analysis of baculovirus
genomes with restriction endonucleases. Virology 89, 517–527.
Summers, M. D., and Smith, G. E. (1987). A manual of methods for
baculovirus vectors and insect cell culture procedures. Texas Agri-
cultural Experiment Station, Bulletin No. 1555.
Uptain, S. M., Kane, C. M., and Chamberlin, M. J. (1997). Basic mech-
anisms of transcript elongation and its regulation. Annu. Rev. Bio-
chem. 66, 117–172.
Vaughn, J. L., Goodwin, R. H., Tompkins, G. J., and McCawley, P. (1977).
The establishment of two cell lines from the insect Spodoptera
frugiperda (Lepidoptera: Noctuidae). In Vitro 13, 213–217.
Weiner, P. K., and Kollman, P. A. (1984). AMBER: Assisted model building
with energy refinement: A general program for modeling molecules
and their interactions. J. Comput. Chem. 2, 287–309.
Yang, C. L., Stetler, D. A., and Weaver, R. F. (1991). Structural comparison
of the Autographa californica nuclear polyhedrosis virus-induced
RNA polymerase and the three nuclear RNA polymerases from the
host, Spodoptera frugiperda. Virus Res. 20, 251–264.
134 HARWOOD ET AL.
